Introduction
Indicator-surfactant interactions in aqueous systems are central to many research topics due to their wide and varied applications. [1] [2] [3] [4] [5] [6] [7] [8] Studies of such interactions are fundamental in many chemical and pharmaceutical fields, in organic syntheses, and in several industrial applications.
Micellar systems influence the chemical equilibria and the reactivity, as well as the spectral and electrochemical responses of substrates. These properties have proven to be very useful, especially in such areas of analytical chemistry as separation techniques or determinations based on spectral methods. Many analytical applications using micellar solutions involve the determination of metal ions by their complexation with suitable ligands. One of the important classes of such ligands is the hydroxytriphenylmethane group of dyes, which includes C.I. Mordant Blue 29. The analytical possibilities of such ligands can be expanded significantly if the complexation reactions with metal ions are carried out in the presence of ionic or nonionic surfactants or mixtures thereof. The addition of surfactants frequently causes a bathochromic shift of spectral bands and increases the sensitivity of metal analysis through the formation of dye-rich complexes. Metal-to-dye ratios can vary from 1:1 in aqueous solution to 1:2 or 1:3 in surfactant-containing solutions. Such effects are observed if the molar excess of the cationic surfactant over the chromogenic reagent varies between 5-and 15-fold. The extent of this range depends on the nature of the surfactant used (among other factors, on the critical micelle concentration (CMC) of cationic surfactants). 9 In the case of nonionic surfactants, spectral changes are only observed at concentrations exceeding the CMC. 10 However, the mechanism of micellar effects on the formation of analytically useful complexes is still not well understood.
Today, C.I. Mordant Blue 29 ( Fig. 1 ) is probably the most widely used chromogenic reagent of the hydroxytriphenylmethane dyes. The dye has pronounced chelating properties due to the presence of donor groups such as -COOH, -OH, and >C=O. Additionally, the sulfonic group on the third ring of C.I. Mordant Blue 29 is responsible for the solubility of the dye and its complexes in water.
Being an excellent chelating reagent, Mordant Blue 29 is used for the quantitative and qualitative determination of a variety of metal ions. The reagent is sensitive but non-selective, and reacts with many metal ions in weakly acidic or nearly neutral media to form red, blue, or green water-soluble complexes according to the pH value of the solution. C.I. Mordant Blue 29 forms complexes with over 30 metal ions, including Be(II), Mg(II), † To whom correspondence should be addressed. Interactions of the anionic form of C.I. Mordant Blue 29 with cationic and nonionic surfactants have been studied by absorption spectroscopy. The dye interacts strongly with oppositely charged surfactants in the pre-micellar concentration range with an accompanying change in its spectral properties, while its interaction with the polyoxyethylene group of nonionic surfactants does not have such remarkable effects. In ternary mixtures, however, the influence of the polyoxyethylene group on the optical properties of C.I. Mordant Blue 29-tetradecyltrimethylammonium bromide and C.I. Mordant Blue 29-octadecyltrimethylammonium chloride systems is quite different. In addition, the influence of the interaction between the HL 3-form of C.I. Mordant Blue 29 and the surfactants on the formation of chelate complexes with iron(III) has been studied. The optimized structures of Fe-Mordant Blue 29 complexes are also reported herein. Geometries have been calculated by the Hartree-Fock method with the cc-pVDZ basis set. , and U(VI), and these compounds are used in spectrophotometric methods.
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The aim of the work described herein has been to study the influence of cationic and/or nonionic surfactants on the spectral characteristics of C.I. Mordant Blue 29 and its complexes with iron(III) by means of spectrophotometric measurements. The surfactants were used as obtained, without further purification. A standard solution of iron(III) (1 mg mL -1 ), was obtained from Merck. The phthalate buffer solutions of pH 5.56, 6.0, and 6.2 were prepared from sodium hydroxide (POCh) and potassium hydrogenphthalate (POCh). The phosphate buffer solution of pH 6.0 was prepared from potassium dihydrogenphosphate (POCh) and sodium hydrogenphosphate (POCh). The pH values of the buffer solutions were controlled by pH-meter measurements. All solutions were prepared in doubly-distilled water. The chemical structures of the surfactants used in this work are presented in Fig. 2 .
Experimental

Measurements
Absorption measurements were performed on a Jasco V-530 spectrophotometer (Jasco, Japan) using solutions in 1 cm cuvettes. UV/Vis spectra were recorded over the wavelength range from 350 to 700 nm. All pH measurements were made using a CP-315 pH-meter (Elmetron) with a combined glass electrode.
Computational details
The molecular structures of FeL, FeL2, and FeL3 complexes in the ground state were optimized by the Hartree-Fock method 13, 14 using the cc-pVDZ basis set. 15 The optimized geometries of the complexes were verified by performing frequency calculations. All of the vibrations in the calculated vibrational spectra of the complexes were real, thus indicating that the optimized geometries corresponded to true energy minima. The Gaussian 09 program 16 was used for the calculations.
Results and Discussion
C.I. Mordant Blue 29 is a polybasic acid (H4In), and it exists in five different structural prototropic forms according to the pH of the solution (H5In + , H3In -, H2In 2-, HIn 3-, In 4-). The color of these charged species is found to change with variations in the hydrogen ion concentration. A schematic diagram of the dissociation stages of C.I. Mordant Blue 29 is shown in Fig. 3 .
At pH 6.0 -6.2, as used in these studies, C.I. Mordant Blue 29 exists mainly in the HL 3- form, which corresponds to a species having two dissociated carboxyl groups. In a buffered aqueous solution, the spectrum of C.I. Mordant Blue 29 corresponding to the HL 3-species ( Fig. 3) shows two bands: a shorter wavelength band at around 430 nm and a longer wavelength band at around 545 nm. In the presence of cationic surfactants, spectacular changes are seen in the electronic absorption spectrum of C.I. Mordant Blue 29 (Fig. 4) . These are related to interactions of the oppositely charged ionic dye and surfactant, which are governed by attractive long-and short-range forces, such as electrostatic interactions between ions, dispersive interactions, charge-transfer interactions between the quaternary ammonium cation of TTA or ODTA and the π-electron system of the C.I. Mordant Blue 29, and hydrophobic interactions. 19, 20 The addition of a cationic surfactant to the anionic form of C.I. Mordant Blue 29 causes a change in the shapes of its absorption bands as well as in its sensitivity. The shorter wavelength band, appearing at 430 nm, does not change position, but its absorbance is decreased. For the absorption peak at 545 nm, both a large bathochromic shift (Δλ = 80 nm) and a hyperchromic effect are observed. The absorbance increases with increasing length of the hydrocarbon chain of the Fig. 3 The schematic diagram of dissociation in stages of C.I. Mordant Blue 29. 17, 18 cationic surfactant. This means that the ODTA cation interacts more strongly with C.I. Mordant Blue 29 than does the TTA cation.
The Tweens group of nonionic surfactants does not have such remarkable effects on the spectral properties of C.I. Mordant Blue 29, but they do change its molar absorptivity (Fig. 5) . Changes in absorbance can be explained in terms of hydrogen bonding, short-range dispersive forces, and hydrophobic interactions between the anionic form of C.I. Mordant Blue 29 and the nonionic surfactant. 21 The nonlinear variations in the absorbances induced by the Tweens suggest the influence of factors other than the length of the nonpolar tail of the nonionic surfactant. On the other hand, these interactions are not strong enough to change the position of the absorption peaks.
Results obtained for ternary mixtures show that the influences of the Tweens group on the optical properties of C.I. Mordant Blue 29-TTA (Fig. 6 ) and C.I. Mordant Blue 29-ODTA (Fig. 7) systems are quite different. For the C.I. Mordant Blue 29-TTA system, the absorbance increases with increasing number of the Tween, i.e. with increasing length of the nonpolar tail of the nonionic surfactant, while for the C.I. Mordant Blue 29-ODTA system the inverse tendency is observed. The interaction between the anionic form of the dye and the mixture of cationic and nonionic surfactants depends on the chemical structures of the surfactants. In binary systems with TTA or ODTA, the interaction depends on their hydrophobicity. In ternary systems, the addition of the nonionic surfactant changes the strength of the interactions between the cationic surfactant and C.I. Mordant Blue 29. Comparing the chemical formulae of the Tweens (Fig. 2) , one can see that they differ from each other in the hydrophobic alkyl group. The longer the polyoxyethylene group, the larger the partial negative charge on the oxygen bridges, which allows stronger charge-transfer interactions between the long-chain hydrophobic group of the ODTA surfactant and the micelles of the Tween. Stronger interactions between the cationic and nonionic surfactants lead to a decrease in the strength of the interactions between the cationic surfactant and the anionic dye, which is manifested as a decrease in the molar absorptivities of ternary systems with ODTA in comparison with the systems with TTA. 5 Furthermore, a small hypsochromic shift (Δλ = 7 nm) is also observed in each of the studied ternary systems in comparison to shift in the binary one.
The interactions between the HL 3-form of C.I. Mordant Blue 29 and the surfactants influence the formation of chelate complexes with iron(III). Investigations on ternary systems with iron(III) were performed in the analytical range, 9 i.e. with a molar excess of cationic surfactant over chromogenic reagent of between 5 and 15 (below the critical micelle concentration, CMC). In this range, the absorbances of ternary systems are maximized and are independent of increasing concentration of cationic surfactant, while species are solubilized by submicellar surfactant aggregates. Studies on quaternary systems were carried out in the same analytical range for the cationic surfactant and above the CMC in the case of nonionic surfactants.
C.I. Mordant Blue 29 forms a number of complexes with compositions Fe2L, FeLH, Fe2L2, and FeL2, 22 Fe2L, FeL, FeL2, and FeL4, or Fe2L, FeLH, FeL2, and Tables 1 and 2 . The complexes proved to be stable for at least 2 h. The spectral characteristics of the complexes are shown in Table 3 .
Investigations of ternary and quaternary complexes of iron(III) with C.I. Mordant Blue 29 showed that, in the presence of the surfactants, higher molar absorption coefficients (Table 3) are obtained compared with the corresponding binary chelate Fe-C.I. Mordant Blue 29 (ε = 0.43 × 10 5 -0.71 × 10 5 L mol -1 cm -1 ). This increase in the molar absorption coefficient is similar to the marked increase in the ε value seen for the completely deprotonated acid-base form of the reagent, involving complete delocalization of the electron pair of the phenolic oxygen with formation of the completely symmetrical reagent anion L 4-(ε = 7.56 × 10 4 L mol -1 cm -1 ) compared with the values for the other acid-base forms (ε = 2.24 × 10 4 -2.30 × 10 4 L mol -1 cm -1 ). 21 Furthermore, the increase in the molar absorption coefficient is also connected with the composition of the formed complexes. In the absence of surfactants, iron(III) reacts with C.I. Mordant Blue 29 to form a complex with a 1:1 molar ratio. In the presence of surfactants, the increase in the number of C.I. Mordant Blue 29 ions in the structures of the chelates results in the formation of complexes with a 1:2 molar ratio for the ternary systems and a 1:3 or 1:4 molar ratio for the quaternary systems. This fact can be explained in terms of reversal of the metal ion hydrolysis in the presence of surfactants. This process promotes the coordination of more than one dye anion to the metal ion. The marked bathochromic shift can likewise be explained by the higher degree of delocalization of the electron pair of the oxygen into the π-electron system of the ternary and quaternary complexes as compared with the delocalization in the reagent anion L 4-. It is not possible to obtain definitive information about the structure of the chelate based on the experimental results described in this paper. The chelation may either occur between the quinoid oxygen and the adjacent carboxylic oxygen, or the metal ion may coordinate between the phenolic oxygen and the adjacent carboxylic oxygen. It is interesting to note that the λmax of the studied chelates is in the range 636 -674 nm, whereas the λmax of C.I. Mordant Blue 29 is at 600.5 nm in a strongly alkaline medium and at 426.5 nm in weakly acidic or nearly neutral media. It is evident that λmax of the complexes is closer to that of the reagent in an alkaline medium. This effect is connected with dissociation of the proton from the phenolic group, enabling more complete delocalization of the electron pair of the oxygen into the π-electron system of the reagent molecule. Taking this into account, we suggest that, during chelation, the metal ion coordinates between the phenolic oxygen and the adjacent carboxylic oxygen. 
Conclusions
The dye-surfactant and metal ion-dye-surfactant interactions in binary, ternary, and, in the case of iron(III) complexes, also in quaternary mixtures, are discussed on the basis of the results of spectrophotometric measurements. In the studied systems, the chemical structure of the anionic form of the dye, as well as the structures of the cationic and nonionic surfactants, affects their interactions. For binary systems, C.I. Mordant Blue 29-TTA and C.I. Mordant Blue 29-ODTA, the hydrophobicity of the alkyl chain, which is responsible for hydrophobic interactions, as well as the electrostatic attraction between the oppositely charged ions, play important roles in the dye-surfactant interactions. In binary systems with surfactants of the Tweens group, short-range dispersive forces and hydrophobic interactions between the anionic dye and nonionic surfactant play a dominant role, but the absorbance varies nonlinearly with increasing length of the nonpolar tail of the nonionic surfactant. In ternary systems, C.I. Mordant Blue 29-TTA-Tween and C.I. Mordant Blue 29-ODTA-Tween, the spectral properties of C.I. Mordant Blue 29 depend both on the chemical structure of the anionic form of the dye and on the structures of the surfactants. It has been observed that the longer the polyoxyethylene group, the larger the partial negative charge on the oxygen bridges, allowing stronger charge-transfer interactions between the longchain hydrophobic group of the cationic surfactant and the micelles of the Tween. The interaction between cationic and nonionic surfactants strongly depends on the hydrophobicity of the alkyl chain of the cationic surfactant. With increasing chain length, the interaction between the surfactants is enhanced. This leads to a decrease in the strength of the interactions between the cationic surfactant and the anionic dye, resulting in a decrease in the molar absorptivity of the ternary system. The interactions between the HL 3-form of C.I. Mordant Blue 29 and the surfactants influence the formation of chelate complexes with iron(III).
Investigations of ternary and quaternary complexes of iron(III) with C.I. Mordant Blue 29 Beer's law/µg Fe mL High molar absorption coefficients are connected with a higher degree of delocalization of the electron pair of the oxygen into the π-electron system of the ternary and quaternary complexes of iron(III).
Furthermore, the increased molar absorption coefficients are also connected with the formation of dye-rich complexes.
